Abstract-This paper presents the first demonstration of a uni-travelling carrier photodiode (UTC-PD) used as a receiver of a wirelessly transmitted quadrature phase shift keying (QPSK) signal. In this demonstration, a 1 Gbaud QPSK signal centered at 33.5 GHz was transmitted over a wireless distance of 1.4 m. At the receiver, a UTC-PD is used to down-convert the RF signal to an intermediate frequency (IF) of 9.5 GHz by mixing the RF signal with a heterodyne signal at 24 GHz. The down-converted signal is captured by a real time digital oscilloscope for further digital signal processing. The error vector magnitude (EVM) of the demodulated signal was measured to be 18%, which corresponds to a bit error rate (BER) of 10 -8 .
I. INTRODUCTION
The specifications of the 3 rd generation partnership project (3GPP) require data rates of at least 1 Gbit/s in the downlink of the future 5G indoor wireless networks [1] . One solution to achieve such throughput is to use millimeter waves (mmwaves) due to the large spectrum available in that range (30 GHz -300 GHz) [2] . Moreover, the high propagation losses in the mm-waves range [3] can be advantageous in indoor environments because it reduces interference and allows for frequency reuse. Hence, mm-waves are considered as a strong candidate for 5G.
The mixer plays a key role in the mm-wave communication system. It is essential for the signal up-conversion and downconversion at the transmitter and the receiver, respectively. There is a plethora of mixers in the mm-wave range, including: Schottky diodes mixers [4] , superconductor-insulatorsuperconductor (SIS) mixers [5] , and low temperature grown GaAs (LTG-GaAs) photomixers [6] . In addition, a unitraveling carrier photodiode (UTC-PD) was recently demonstrated as an optically pumped mixer (OPM) for mmwaves [7] .
The UTC-PD OPM could offer interesting system opportunities compared with other types of mixers. For example, the UTC-PD has a wide frequency range of operation [7] , and it can be monolithically integrated with laser and modulators on InP substrates [8] , paving the way for a single chip photonic mm-wave transceiver. Moreover, the UTC-PD works at room temperature as opposed to SIS mixers that require cooling to very low temperatures. Further, the UTC-PD works at 1550 nm making it more attractive than LTG-GaAs photomixers, which work at 850 nm or shorter wavelength, since components and technologies in optical communications are easily available. Finally, unlike Schottky diode mixers, the UTC-PD does not require a millimeter wave electronic local oscillator (LO) as the LO can be generated by the UTC-PD itself using optical heterodyning [7] .
It has already been shown that a UTC-PD can be used as an OPM at frequencies up to 600 GHz [9] , but these demonstrations were done within a kHz bandwidth [7, 10] . In this paper, we demonstrate, for the first time, an OPM based on UTC-PD to down-convert a wireless RF signal modulated with 1 Gbaud quadrature phase shift keying (QPSK) data occupying a bandwidth of 1.35 GHz and centered at 33.5 GHz. The signal was transmitted over a wireless distance of 1.4 m, and the bit error rate (BER) of the received signal was estimated at 10 -8
.
Our experimental results demonstrate the potential of using the UTC-PD as a transceiver on a single chip such as the one presented in [11] . This work could find interesting applications in future 5G or beyond networks since the 33 GHz band is a candidate for 5G in a number of countries [12] .
II. UTC-PD MIXER CHARACTERIZATION
In this work, a UTC-PD with epitaxy structure similar to the one presented in [13] was used as an OPM, by which an incoming radio frequency (RF) signal at 34.5 GHz is mixed with an optically generated heterodyne signal (ΔF) at 24 GHz to produce a new signal at an intermediate frequency (IF) at 10.5 GHz, as illustrated in Fig. 1 . The Bias Tee, shown in Fig. 1 , is used to couple the UTC-PD bias to the RF signal, while the splitter is used to allow for the simultaneous supply of RF signal to the UTC-PD and the extraction of the generated IF signal.
The heterodyne signal (ΔF) was generated by injecting two optical tones into the UTC-PD mixer. The optical tones were generated by two free running external cavity lasers spaced by 0.1922 nm (24 GHz) and combined using a 3 dB optical coupler. The optical signal was then amplified by an Erbiumdoped fiber amplifier (EDFA) and filtered with a 1 nm optical bandpass filter (OBPF) to reduce the amplified spontaneous emission (ASE) noise. Finally, the optical signal was injected into the UTC-PD using a lensed fiber.
The mixing efficiency of the UTC-PD mixer depends on the level of the injected optical power into the UTC-PD and the applied bias voltage. Fig. 2 plots the conversion loss versus the bias voltage for different levels of injected optical power. Here, conversion loss is defined as the ratio of the power of the incoming unmodulated RF signal to the UTC-PD (measured at the input of the coplanar probe that is connected to the waveguides of the UTC-PD), to the generated IF signal power. As it can be seen in the figure, when the voltage bias is increased, the conversion loss starts to decrease, up to the point where it reaches its minimum, after which it starts to increase again. Possible explanations of such behaviour include: the modulation of the bias voltage by the heterodyne signal [10] , and the modulation of the capacitance in the depletion layer [14] . The minimum conversion loss at 18.2 dBm optical power was 25.5 dB obtained at -1.7 V, while it was 30.5 dB at -1.3 V and 16.2 dBm optical power. Fig. 3 illustrates the block diagram for the wireless transmission experiment. An arbitrary waveform generator (AWG) was used to generate a 1 Gbaud QPSK signal centered at 1 GHz, and shaped with a root raised cosine (RRC) filter with a roll-off factor of 0.35, resulting in a signal bandwidth of 1.35 GHz.
III. WIRELESS TRANSMISSION EXPERIMENT
The QPSK signal was then up-converted using a doublebalanced electronic mixer that is driven by a 34.5 GHz local oscillator (LO) resulting in two sidebands at 33.5 GHz and 35.5 GHz. These two sidebands are identical and carry the same information. Therefore, detecting only one sideband is sufficient to recover the transmitted data. The signal was transmitted using a 20 dBi horn antenna over a wireless distance of 1.4 m and received with a 20 dBi horn antenna. The received signal was amplified by a 40 GHz RF amplifier (Gain of 35 dB, noise figure (NF) of 4 dB) and passed, through a Bias Tee and a splitter, onto a coplanar probe that is connected to the coplanar waveguides of the UTC-PD. The UTC-PD bias was set to -1.7 V, which gives the lowest conversion loss at 18.2 dBm optical power (as measured at the output of the OBPF).
The UTC-PD mixed the received RF carrier signal with the optical heterodyne, and down-converted the RF signal to an IF of 10.5 GHz, resulting in the two sidebands centered at 9.5 GHz and 11.5 GHz. The down-converted signal was then amplified (Gain of 35 dB, NF of 4 dB), then, captured by the real time oscilloscope, which has a bandwidth of 36 GHz and a sampling rate of 80 Gsamples/second. The length of the captured time window was 5 μs, which corresponds to 10,000 bits. The captured signal was then bandpass filtered so that only the 9.5 GHz sideband was passed for further digital signal processing. The filtered signal was digitally down-converted to the baseband, then, digitally filtered with an RRC filter with a roll-off factor of 0.35. Fig. 4 shows the electrical spectrum of the signal after down-conversion to the baseband. Then, the constant modulus algorithm (CMA) was used for channel equalization. Carrier recovery and phase estimation algorithms were used to compensate for the frequency offset and phase drift produced by the two free running laser, since they are not locked to each other [15] .
We were able to recover the transmitted signal successfully and reconstruct its constellation diagram as shown in Fig. 5 . The measured error vector magnitude (EVM) of the received signal was 18%. This corresponds to a BER of 10 -8 [16] , which would be sufficient for a transmission link of 2.5 m with forward error correction (FEC).
IV. CONCLUSION
We have successfully demonstrated using the UTC-PD as a 2 Gbit/s wireless receiver. The UTC-PD down-converted a 1 Gbaud QPSK signal, after 1.4 m of wireless transmission. The BER of the received signal was estimated at 10 -8 . This proof of concept was done at a carrier frequency of 34.5 GHz, where wireless propagation losses are low enough to assess the performance of the transmission system easily. This work can readily be extended to higher frequencies as the UTC-PD can operate up to THz frequencies.
In this experiment, we used two free running lasers to generate the heterodyne signal on the UTC-PD. This provides wide tuneability of the operating frequency simply by adjusting the wavelength spacing between the two lasers. Also, it allows for higher frequencies of operation without the need for an electronic local oscillator, which is the case in conventional electronic mixers.
Finally, the results of our experiment along with other experiments, which previously demonstrated the UTC-PD as an mm-wave transmitter [17] , show that there is a potential to use the UTC-PD as a transceiver on a chip similar to the one presented in [11] .
